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SUMMARY

This report summarizes work carried out between October 1972 and
October 1973 under an agreement with the National Reronautics and Space
Administration, Lewis Research Center (Interagency Order C-29933-C) to
study the phase equilibria of alkali oxide-tantalum and nicbium okide
systems and synthesis of phases which might have interesting ionic
conductivity.

The phase equilibrium relations of six systems were investigated in
detail. These consisted of lithium, sodium and potassium tantalate, and
niobate with the corresponding tantalum and nicbium oxide. 1In addition,
~various other binary and ternary systems involving alkali oxides were

examined in lesser detail. In all, thirteen phases were found to contain
structures of sufficient interest to warrant further investigation. WNineteen
phases were prepared as solid pellets and transmitted to LeRC for evaluation
by dielectric loss measurement. Attempts were made to grow eight different
phases as large single crystals, and two‘were submitted td LeRC for evaluation,
In terms of icnic conductivity, the most interesting phases from
a structural point of view are those containing large tunnels only
partiaily occupied by alkali ions. The potassium tantalate system contained
- four such phases, designated GTB, TTBs, HTB, and.TTB (see table & for
meaning of these initials). In all cases, the TB refers to a tungsten
bronze type structure. Those phases which exhibit a maximum in the die-
lectric loss vs. temperature curves proved to be high temperature phases
which are generally metastable at room temperature and do not have favor-
able melting characteristics for crystal growth directly from the melt.
In the coming year efforts will be expanded to include rubidium’
systems as well as antimonates and mixed tantalum-tungstates, in an
effort to isolate an ionic conducting phase with favorable crystal

growth possiblities.



INTRODUCTION

In the search for new ionic conductors, compounds in oxide systems
need to be examined for structure types where packing of the complex ions
of the skeletal structure has the potential to produce loosely bound
alkali ions,

The compounds of alkali oxides with tantalum oxide and with niobium
oxide represent a class of such materials., The program summarized
in this report involved the investigation of the phase diagrams to
determine the phases which are actually contained in these sysfems
and to define selected phases of potential interest as solid ionic
conductors. Subsequent to this determination specimens were prepared
of single phase polycrystalline ceramic pellets for screening
measuremehts and, finally, attempts were made to grow single crystals
of those materials which appeared most interesting and feasible,

All the phases encountered were identified by single crystal x-ray
diffraction patterns and/or identity with previocusly reported structures.
For fast ion transport, it is probably advantageous tc have an alkali

ion in a "non-stoichiometric" crystallographic position., For commerical
utilization of ionic cenductivity, it is necessary to limit systems to
those which will contain little or no electronic conductivity and,
therefore, do not contain an element which is easily reduced during the

synthesis. The Ta+5

ion is apparently very difficult to reduce [1],

and thus is ideally suitable as a host lattice for alkali "super-
ionic-conductivity". Some preliminary work on alkali tantalate and niocbate
systems has been previously summarized by the present authors [2]. &
complete'detailed analysis of these systems is presently being prepared

for publication and will be submitted to the Journal of Sclid State

Chemistry in the near future [3, 4, 5, 6&].



DISCUSSION OF RESULTS

The System Nb20 ~LiKbO

5 3

A phase equilibrium diagram for the system Lizo—NbZO5 was published
by Reisman and Holtzberg [7]. However, this diagram does not show the

compound LiNb30 which is known to occur in this system [8, 9, 10],

B8

nor does it show the solid solution of szo5 in LiNbO3 [11]) which:

has been found to be important in the production of large coptical Quality
crystals. A phase equilibrium diagram indicating these corrections was
previously published [2]; and this diagram is reproduced here, essentially
unchanged, in figure 1. The experiments performed in this laboratory

to check this diagram are listed in table 1. The unit cell dimensions

of the phases will be given in the summary table of x-ray data near

the end of this report (Table 12).

The Nb205—LiNb0 system contains only two intermediate phases,

3

the compound LiNb30 and another phase which occurs at a very narrow

8

compositional range near L120:14Nb205.

independently by the present authors [2] and by Norin and Nolander {12]

This phase was reported

to have the N-Nb205 structure, . Only this phase and LiNbO3

be considered te have any interesting non-stoichiometric properties. -

itself may

A detailed analysis of the work performed in this system, including

x-ray diffraction patterns, will be published in the near future [3].

The System Ta 05—LiTa03

2

No phase equilibrium diagram for this system had beén published prior
to our preliminary work reported in reference [2]. The final phase
diagram is shown in figure 2 and the éxperimehtal data from which it was
constructed are listed in table 2. The present diagram differs from that

given in [2] only in the first 5 mole percent LiZO content and near the
meltirg point of LiTaSOB.

Lithium oxide has been found to stabilize the low temperature poly-
morph of Ta205 (L-Tazos): and, therefore, non-stoichicmetric solid solutions

appear on both sides of this system. There is only one intermediate

compound, LiTa.C_, but it is trimorphic and apparently has no appre-

3’8



ciable non-stoichiometric region within the binary phase diagram.
The low temperatﬁre form of LiTa308 is isostructural with LiNbBOB' the
intermediate form is isostructural with the mineral wodginite, and
the high temperature form is similar in structure to LiTaGOlsF and
LiNbGOlsF [13].

The unit cell dimensions will be listed in theg summary table
of x-ray data near the end of the report (Table 12) and a detailed
analysis of the work performed in this system, including x-ray dif-

fraction patterns, will .be published in the near future [3].

The System szo -NaNbO3

5

This system has been studied by several different groups and phase equi-
librium diagrams were published by Reisman, Holtzberg and Banks {[14], and
by Shafer and Roy [15]. The former group reported a 1l:4 and a 1l:14 com-
pound whereas the second referencé shows 1:4, 1:7, and 1:10 compounds.
These type of ratios represent mole ratio of alkali oxide to niobium (or
tantalum) oxide. Sten Andersson [16] has shown that the high Nb20 content

5

phase occurs at the 1:13 ratio (NaNb13033) from crystal structure analyses

(17} and found the other phase to occur at the 1:3 ratio (NaNb308). He

found the ‘compounds Na and NaNb 0. _{OH) only in hydrothermal experi-

2Nb4011 6 15

ments at 500-700°C and 2000 atm. In a crystal structure analysis of
Andersson's NaNb3O8 crystals, D. C. Craig and N, C. Stephenson decided
that the composition of the crystal they examined was most likely

Nal3Nb35094 [18].

The phase equilibrium diagram which we have determined for this system
is given in figure 3 and the experimental data from which it was determined
are listed in table 3. We confirm the 1:13 compound but do not find any
other between this and the "NaNbBOB“ phase. The latter is apparently
a non-stoichiometric solid soluticn with a tetragonal tungsten bronze-
type substructure and an orthorhombic superstructure (TTBs). In addition
Nasz4Ol1 was found in equilibrium at low temperatures (below about
1000°C) and specimens near the 1:6 ratioc was found to react with atmospheric

moisture at temperatures between about 700-900°C to form NaNb 015(OH) with-

€
out the necessity for hydrothermal techniques.

5



The unit cell dimensions of these phases will be listed in the
summary table of x-ray data near the end of the report and a detailed
analysis of the work performed in this system, including x-ray

diffraction patterns, will be published in the near future [4].

The System Ta205~NaTa03

The phase equilibrium diagram for this system had not been reported
prior to cur preliminary paper [2] élthough Reisman [19] had made a sub-
solidus study up to 1300°C. Tﬁe diagram given in figure 4 is similar
to that of [2] but has been reevaluated for the melting relations of the
distorted tetragonal tungsten bronze-like phase (TTBs) between about
20 and 25 mole % Na b. This is the only non-stoichiometric phase in the

2

system although apparently a very small amount of Na_O may be incorporated

2
in L*TazOs, increasing the phase transition temperature. The only other
phase in the system is NazTa4 11 which has a hexagonal structure similar
t n ini .
© the monoclinic Nasz4°11

The experimental data from which figure 4 has been constructed are
listed in table 4. The unit cell dimensions of these phases will be listed
in the summary table of x-ray data near the end of this report. A
detailed analysis of the work performed in this system, including x-ray

diffraction patterns, will be published in the near future [4].

The System Nb205—KNbO3

A phase equilibrium diagram for this system was previously reported
by Reisman and Holtzberg [20]. Additional information on compound formation,
crystal growth, and unit cell dimensions has been published by Guerchais
[21], Whiston &nd Smith [22], and Nassau et al [23]. The phase equilibrium
diagram determined in the present study is shown in figure 5 and the
experimental data from which it was constructed are listed in table 5.

The system was found to contain six intermediate phases, The unit
cell dimensions of each phase are listed in the summary tahkle near fhe
end of this report. From these dimensions it is apparent that at least
three of these phases have non-stoichiometric-type structures. These

are designated in the phase diagram as GTB, TTBs, and TTB and occur at

6



about 11.5, 16-20, and 35 mole % K20 respectively. The former has a
structure similar to that reported by Catehouse for a rubidium niobhate
phase [24] and herein referred to as a Gatehouse tungsten bronze (GTE).
The other two have a distorted tetragonal tungsten bronze structure (TTEs)
and an undistorted 'bronze' structure (TTB) respectively.

The unit cell dimensions of the 2:3 phase indicate a layer of niobia
octahedra with all the potash pessibly located in planes. The hydrated
form of this phase reveals different x-ray diffraction intensity
distributions depending on the hydration direction and rate. This
* phenomena may possibly indicate different distributions of K+ jons which
depend on the hydration. Ionic conductivity of this phase in a direction
parallel to the cleavage, that is, parallel to the K+ and/or Hzo motion
should be investigated more carefully.

A detailed analysis of the work performed in this system, including

x~ray diffraction patterns, will be published in the near future [5].

The System 7Ta.0_-KTaQ

275 3
The phase equilibrium diagram published for the system K2O-Ta205
by Reisman et al contained only two compounds between Ta205 and KTa03 [25].

The preliminary diagram published by the present authors (2] indicates
nine equilibrium phases in this region and two other metastable phases.
The present diagram, figure &, differs from the previous only in the
estimated width of the non-stoichiometric phases. The experimental data
from which this diagram was constructed are listed in table 6,

The system was found to contain four stable non-stoichiometric regions
in addition tc five stable, apparently stoichiometric, phases. The phases
with ron-stoichicmetric type structures include a Gatehouse tungsten

bronze (GTB} at about 11.5 mole % K_ 0, an orthorhombic distorted tetragonal

2
tungsten bronze with superstructure (TTEs) ketween about 15-20 mele %

KZO' a hexagonal tungsten brcnze (HTB) at about 21.75 mole % K2

over a very narrow temperature region below the solidus, and an

0, existing

undistorted tetragonal tungsten bronze with no superstructure at
34 mole % K20. Figures 7, 8, 2, and 10 show the results of measuring

the dielectric loss (epsilon) versus temperature at a number of fregquencies

7



for these four ngn-stoichiometric phases. The GTE and HTB phasez show

excellent ionic mobility. Unfortunately, single crystals of these phases
have not yet been grown. The difficulty is due mainly to the very narrow
primary phase field. An attempt must be made to find a system with wider
primary phase regions for these structures, possibly in systems with szd,

which can then ke ion exchanged.

Other Systems

In the course of this study, a considerable number of specimens
were investigated with compositions not included in the six systems
described previously. The ternary systems involving these six systems
with Moo3 were all examined briefly for the purposes of growth of small
crystals [2]. The compositions of the crystal growth preparations will
be detailed at a later date [3, 4, 5, 6].

Several of these six binary systems were also examined in conjunction

with WO,, especially the psuedo-binary joins NaTaO ~W0, and KTaO.,-WO,.

3 3 3

The NaTa03—WO3 system proved to be completely non-binary and contained

mostly solid solutions of sodium tungstates in the sodium tantalate type

phases. However, the KTa03~W03 system is apparently a psuedo-binary system

below the solidus and contains at least five phases. The compositions of
the phases are about 25, 50, 50, 70, and 90 mole % WO3. The ternary system
KTaO3—W03-—K2wo4 has been found to be a promising flux system for crystal
growth of both the pyrochlore and hexagonal tungsten bronze (HTB) type
phases. Further work on this ternary will be conducted in the next year.

Some compositions in the Li_0-Ta.Q.-WOQ_ system were prepared and examined

2 275 3
for the purpose of introducing non-~stoichiometry into the H-LiTa_O

38
structure, Other compositions in the system Li20——'I'a205—TiO2 were also
prepared for the same purpose, The WO, gave single phase non~stoichiometric

3

solid solutions but showed no ionic mobility (table 7). The TiO2

specimens did not exhibit solid solution.

2 system or rather of the LizTiO3—TiO2 system

revealed only one high temperature intermediate phase, This phase has

A study cf the Lizo—TiO

the ramsdellite structure; but, unfortunately, melts incongruently with

the peritectic very close in composition and temperature to the eutectic.



Thus, single phase crystals could not be pulled from the melt. Experi-

ments in the L120—T102-—Moo3

flux compositions for crystal growth of this phase. The ramsdellite

ternary also did not reveal any ideal

lithium titanate did not exhibit appreciable ionic mebility (table 7).
Other experiments with K20-L120-Ti02 and K,)O—MgO—TiO2 revealed a new
structure type [26]) which also failed the ionic mobility screening tests.

The only experiments performed under this contract which did not

involve mixed oxides were conducted in the system NaF—AlFS—NaEGeF6 in

an attempt to produce Ge doped NaAlF These experiments were not

4
successful and rno NaAlF4 was obtained.

A few compositions invelving the systems Nasbo3—5b and KSbO_-8b_ 0O

2% 37500
have been prepared in order to survey possible compound formation in

. + . .
these systems, because Aurivillius [27] has reported K ions to occur in
large tunnels in scme potassium antimonates. In addition, several
specimens were examined in the ternary systems KSbO_-8b_0, ~8i0. and

3 274 2

KSbO3-Sb204-A1203 in an attempt to explain the published data of Spiegelberg

(28] who reported a primitive cubic "polymorph" of KSbO3 prepared in
a porcelain crucible. These experiments were successful in demonstrating

4 and A1+3 promote the formation of this

that a small amount of both Si+
cubic polymorph, These and similar antimonate systems will be examined

in greater detail in the coming year.

Polycrystalline Specimen Preparation

The sections of this report dealing with the phase eguilibrium
relationships in alkali nickate and tantalate systems have described several
phases which, from structual considerations alone, would appear to be
worthy of screening for their potential as fast ion conductors. Accordingly,
polycrystalline specimens were prepared and submitted to Lewis Research
Center for dielectric and conductivity measurements.

The choice of composition and thermal treatment for use in pellet
fabrication of a desired phase was made on the basis of the compositional
and temperature stability limits of the phase as determined in the phase
equilibrium studies. These limits are not always compatible with the

sintering characteristics of the powders and, as a consequence, it was



not possible to prepare high density pellets of some of the phases of
interest. Several alkali titanate pellets of interest were also prepared
as an outgrowth of work under a previous contract. All compositions for
use in pellet fabrication were given blending and calcining treatments
similar to those utilized in the preparation ¢f compositions for phase
equilibrium studies. In the case of phases wherein alkali loss was
anticipated during sintering or where a minimum temperature of stability
necessitated rapid ccoling of the pellets, the exact composition of

the pellet was chosen to give as much latitude as possible in the sintering
treatment. The appropriate 1:1 alkali niobate or tantalate was used as

one constituent of the batch in these systems to avoid the use of carbonates.

Conventional ceramic dry pressing and sintering techniques were
utilized for pellet preparation. Dry pressing was performed in steel dies
at nominal pressures of the order of 10,000 to 18,000 psi. No organic
binders or other additives were utilized except as noted. In general,
several test heatings were necessary to determine a sujitable time-temperature
relationship for sintering. In some cases, excessive recrystallization
during sinteriﬁg, regardless of the schedule followed, prevented the
formation of physically sound pellets. BAs discussed below, hot pressing
was found useful in some cases.

The starting compositions after calcining, as well as the as-fired
surface and inferior of the sintered pellets, were characterized by x-ray
diffraction technigues to insure that the final pellets were homogeneous
and single phase.

Tables 8, 9, and 10 summarize the compositions, heat treatments and
x-ray characterizations of the pellets submitted for evaluation. The

results of screening tests conducted by LeRC are given in Table 7.

Crystal Growth

The gfowth of large single crystals of the various non-stoichiometric
rhases found in the alkali niobaté and tantalate systems is complicated
by many factors: (1} some of the desired phases do not exist in eguilibrium
with the liquid, (2} incongruency, and.(3} volatility of the alkali. For

these reasons only a few of the compounds found in the phase equilibrium

10



studies were grown successfully. These were the congruently melting com-—
pounds and those.incongruent compounds which existed in egquilibrium with
2 liquid over a wide temperature range. In all crystal growth attempts
the molten material was contained in either platinum or iridium crucibles
which were heated inductively and the desired phase pulled either by the
conventicnal Czochralski technique, or by an approximation to top seeded
solution growth.

A number of the more interesting phases do not lend themselves to
growth by the more conventicnal techniques and it will be necessary to
explore various flux growth techniques in an effort to obtain crystals of
a size suitable for physical property measurements.

The crystal growth experiments (table 11} are summarized as follows:

szos—KNbO3

7:13 Phase (TTB}

Growth of the 7:13 phase was attempted from a melt composition of

36.5K20:63.5Nb20 The first material to crystallize was the 4:9 phase,

cn continued puliing a small amount of 7:13 phase crystallized out on the
side of the 4:9 phase as a polycrystallire mass. As the pull continued
the remainder consisted of single phase 2:3., Several different melt
compositions were tried and the results were essentially the same, in

all cases the 4:9 phase crystallizes out and as more material is removed
the composifion of the crystallizing phase shifts to the 2:3 phase.
Apparently the temperature-composition region over which the 7:13 exists

in equilibrium is too small to successfully obtain crystals by the

pulling technique.

12K20:88Nb205 {GTB)

Attempts to pull the (GTB) bronze-like phase 12K20:88Nb205 at a melt

resulted in a polycrystalline multiphase

composition of 15K20:85Nb205
mass. This result was not unexpected as an inspection of the phase
diagram indicates a very narrow compositonal range where this phase is

in equilibrium with the melt. This situation makes it extremely difficult

to grow large crystals of the 12:88 phase any place in the K20-Nb205

11



binary. Only by going to a flux system can one possibly expect to grow

this phase.

17.5K20:82.5Nb205 (TTBs)

Attempts to grow the TTB phase from a melt composition of 20K20:80Nb205
resulted in essentially single phase polycrystalline T'TB with very fine
grain size, This phase would be a likely candidate for top seeded solution

growth (TSSG) or possibly the accelerated crucible rotation technique (ACR).

Ta205:KTa03

TTB Phase

As determined from phase equilibria studies, the TTB phase melts
incongruently. For the crystal growth attempts, a melt composition of
45K20:55Ta205 was chosen. With this composition and using a pull rate of
0.2 in/hr crystals of the desired phase were grown. The maximum diameter
attained was the order of 1/8 in. diameter at the stated pull rate. The
growth of larger crystals would necessitate much slower growth rates, as

with top seeded solution growth.

Ta OS:LiTaO3 System

[FV IR 8]

1:
Single crystals of the 1:3 phase were grown both "on composition"
and from compositions slightly rich in LiZO. The "as-grown" crystals
were light brown to colorless depending upon cooling rate. Subsequent
annealing in air removed all traces of brown color. The reason for this

change in color is not known.

5:85 Phase

The 5:95 phase or L—Ta205 has been grown in sizes up toc as large as
2 cm long and 1.5 cm diameter. This is an incongruent melting compound
and growth was by top seeded solution growth starting at a composition
of lSLi20:85T3205. These are the first large crystals of L-Ta205
grown and are being used for a structure determination using neutron

‘ever

diffraction, in order to cbtain a better knowledge of the mechanism of
nonstoichiometry. The crystals are almost colorless when first grown but

gradually turn yellow on exposure to light,

12



.szQS-NaNboj'System

1:3 Phase

Single crystals of the l:3 phase could be readily pulled from a
melt of the stoichiometric composition, however, there was a problem with
cracking which limited the size of usable crystals obtained. The cause

of cracking was not investigated.

Ta205-Na¢a03

21:79 Phase (TTBs)

System

All attempts to grow crystals of the bronze-type phase by induction
heating at ambient pressures were unsuccessful due to the rapid loss of

Na20 from the melt.

Structural Mechanisms of Non-stoichicmetry in Alkali-Niobates and Tantalates

An abnormally large number of phases have been found in the six systems
examined and discussed in this report, In addition to the end members,
the L120 systems contain two and three phases with Nb205 and Ta205
respectively whereas the Na20 systems contain twe and four phases each and
the Kzo systems, six and nine phases each. The unit cell dimensions of
each of these phases is listed in table 12 together with the pertinent
crystallographic data where known.

The occurrence of the tungsten-bronze-type structures in these alkali
nicbate and tantalate binary systems is somewhat disconcerting, as the
AxBO3 compositional range does not fall in these systems for any
value other than x=1, Tt is quite evident, therefore, that it is
impossible to have nicbium and tantalum oxygen octahedra and pentagonal
bipyramids form in a network structure in which only a non-stoichiometric
amount of alkali ions compensate the framework for electrical neutrality.
One possible hypothetical alternate of oxygen vacancies is both esthetically
displeasing and structurally unsound. Furthermore, such structures

have not been previously found to exist,

13



The most likely explanation, and one based on preliminary structural
evidence of a similar phase, is that of interstitial niocbium (or
tantalum) ions. B. M, Gatehouse [24] has shown that nichium can occcur
interstitially in a rubidium hexagonal tungsten bronze structure in the
9-fold tricapped-prism interstitial vacancy commoﬁ to all of the
tungsten bronze-type structures. Gatehouse has suggested that the

composition of this hexagonal bronze phase would be RbNb3 4O9 or

22.72 mole % szo. Some hypotheses can be made, on the basis of Gatehouse's
work, concerning the mechanism of non-stoichiometry in the phases
observed in this study.

In the system Ta205—KTa03, a phase having the hexagonal tungsten

bronze structure has been cbserved to cccur at about 21.75 mole % K_O.

2
By analogy tc the RbNb phase, this can be considered to be

3.4%

K'I‘a3 409. However, this formula would indicate 22.72 mole % K20

which is definitely not the case. The composition 21.75 mole % K,0

would correspond to the formula K and this non-stoichiometric

_ 0.95723,41%
phase must contain alkali vacancies as well as tantalum interstitials.

TTB

This same analogy may be used to explain the non-stoichiometry in
the tetragonal tungsten bronze phases which occur with no sign of
t
superstructure in both the Ta_0_-KTa0, and Nb_ O -KNbo3 systems. The

S2°5 3 25
formula for one unit cell of the tetragonal tungsten bronze structure

is AGBIOOBO' If all the B ions have a valence of +5, then the formula
for the ideal end member would be KEIBIS 030 ©F 35.71 mole % K,0. In

the NbZQS-ICNbO system this phase has been observed at 35 mole % K20

3

corresponding to the formula K5.83Nb10.83030' In the Tazos—KTaO3
system, this phase has been observed at V33 1/3 mole % Kzo_corresponding
to the formula K5.45Ta10_91030.

14



GTB

In his paper on rubidium niobates, Gatehouse discussed a new structure
type containing 4-, 5-, 6-, and 7-sided tunnels which may be partially
occupied by alkali ions. This phase has been called the Gatehouse
tungsten bronze in the present paper and was observed to occur at about
and NbZOS-KNbO

11.5 mole & K_O in both the Ta.,0_-KTaO systems. Gatehouse

was unable tozarrive at a corrzci compgsition for this3phase, but in a
personal communication confirmed the proposed structure:

. . . having recently cobtained some magnificent lattice image photographs
which completely confirm the basic structure--7-sided holes and all.™

The basic formula for this structure is A8E540146' If all the B iigs

have a valence of 45 and the excess is supplied via interstitual B
ions then the ideal end member composition would be Ang;i " 2.80146'

This ideal formula would correspond to 12.35 mole % alkali oxide.

The formula for the observed 11.5 mole % composition would be

K7.4B54 + 2.920146 when B is either Nb+5 or Ta+5. The sclid sclution

region probably goes down to at least a composition of K7B57O146 {10.94

mole % K20) and possibly even slightly lower in k" content. It should

be pointed out that this hypothesis involves k' ions in both the six and

seven (or possible four) sided tunnels whereas Gatehouse explicitly stated

that the seven- and four-sided tunnels appeared to he empty. It is cobvicus

that the details of this structure need to be examined with more accurate

data. Dr. Gatehouse has informed us that he is now refining three dimensicnal
crystallographic data on his rubidium niobate, and NBS will attempt to do

an accurate single crystal crystallographic study of the chemically well-charac-

terized potassium niobate phase.
TTBs

The case of the TTBs phase, that is, the orthorhombic tetragonal
tungsten bronze with superstructure indicating that one of the a tetragonal
axes is tripled, is more complex then the other three, This phase occurs
in all four systems of sodium and potassium with niobium and tantalum.

In the Nb205—NaNbO3 system, it occurs between about 22.5 to 27.5 mecle %
Na20 and between about 19.5 and 25.5 mole % Nazo in the Ta205—NaTa03 system,

15



However, in the Nk _O_-KNbO_ and Ta_.O_-KTaQ. systems, this same structure

25 3 275 3
type occurs between about 15 and 20 mele % K_0. Although the absolute

2
limits of these have not been accurately located, these rough limits of
about 15 to 27.5 mole % alkali oxide must be explained.
D. €. Craig and N. C. Stephenson [18] have examined the crystal

structure of a specimen of NaNb30 supplied by S. Andersson [16].

They concluded that the particulai crystal examined had the
composition Nal3Nb35094 or 27.08 mole % Na20 rather than the 25 mole %
Na20 suggested by Andersson. Stephenson reports that the tripled
"tetragonal-tungsten-bronze" cell has a basic structure of NaGNb34094
and that twelve excess positive charges must be accommodated by

Na and/or Nb distributed in the eight 5-sided tunnels. He considers

cnly the cases of Nb+5

+ 7a’ and 2" + 2§a' and says that the former
more nearly coincides with the experimental intensities. In this
paper [18], Craig and Stephenson dismiss the possibility of Nb+5 in the
three sided tunnels as being ". ., . incompatible with the directional
properties of the bonding orbitals of niobium (V)." This statement is
subject to considerable doubt and leaves c¢pen the actual position of
the "interstitial” niobium. Apparently Craig and Stephenson did not
consider the possibility that this phase might have a non-integral
number of Na+1 and Nb+5 ions, that is, be a composition in the middle
of a noen-stoichiometric golid sclution.

The basic-structure of the tripled tetragonal tungsten bronze {TTBs)
+1_+5 -12

unit cell is, therefore, [A6 B34 94] and contains a maximum of eight

excess positions for alkali ions. The composition can, therefore,

. . , +1_+5 X
vary from a maximum alkali content of A14B34.8094 with 28.7 mole %

alkali oxide to a minimum alkali content of Anggg 4094 with 14.15
mole % alkali oxide. It is noteworthy that the limits of the observed
phases, 15 to 27.5 mole % alkali oxide, occur just within the theoretical

minimum and maximum values of 14,15 to 28.7 mole % alkali oxide.

In the above four cases, therefore, the most likely structural
mechanism for non-stoichiometry is that of transition metal interstitials
plus alkali ion vacancies. However, other ﬁechanisms can also be found
in the six systems discussed in this report.
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Other Phases

The N—Nb205 phase stabilized by Lizo can be considered to be

L120.14Nb205 or LllB{LlO.45Nb3l.55)080 with Li icons substituting for

¥ . .
Nb 5 and also present in interstitial four-sided channels. This

non-stoichiometric phase is thus accounted for by a mechanism of alkali
substitution plus alkali interstitials,
The high temperature form of LiTa_O_. or Li.Ta.oO is apparently

378 2776716

isostructural with LiTa6015F and Ta4W2016. Either fluorine or tungsten

ions can be utilized to generate a non-stoichiometric phase and the

structural mechanism is thus alkali ion vacancies plus cation {or anion)

substitution.
The low temperature form of Ta205 (L—Ta205) is stabilized by the
addition of Li_O. This structure is apparently intrinsically non-

2

stoichiometric with the formula Ta and five oxygen "vacancies"

g 22%s5 N
[25]. The Li ions either substitute for Ta creating more anion
vacancies or more likely occur interstitially filling some of the

anion "vacancies" already present or a mechanism of cation substitution
plus anion interstitials.,

It should be remembered that all of the mechanisms discussed in this
section are hypothetical and must be checked by careful single crystal
X-ray diffracfion or even neutron diffraction studies. Until such studies
can be made, our understanding of the structural mechanisms by which

nature compensates a non-stoichiometric phase for electrical neutrality

will remain poorly understood.
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SUMMARY OF RESULTS

1.

The phase equilibria of various alkali tantalates have been studied up to
and including liguidus temperatures and phase equilibrium diagrams have
been constructed most consistent with the experimental data in the systems:

T T
a205 LJ.TaO3 _

TaZOS-NaTaO3

Ta205—KTa03
The phase equilibria of various alkali niobates have been studied up
to and including liquidus temperatures and phase equilibrium diagrams
have been constructed most consistent with the experimental data in the
systems:

szOS-LiNbO3

szos-NaNbO3

Nb, Q. -Kib
205 7HNRO,
Pellets of nineteen phases were transmitted to the sponsoring agency for
evaluation and the following three compositions were found to show peaks

in the dielectric loss vs. temperature, indicating some ionic mobility.

11K20:89Ta205 - Gatehouse tungsten bronze structure (GIB)
21.75K20:78.25Ta205 - Hexagonal tungsten bronze structure (HTB)
34K20:66T3205 - Tetragonal tungsten bronze structure (TTB)

Attempts were made to grow large crystals of eight different phases

and two crystals were transmitted to the sponsor for evaluation.

18



FUTURE WORX

1. The most interesting phases in the K20-Ta205 system {GTB and HTB) did
not have phase equilibria relations favorable for crystal growth from
the melt. Preliminary examination of the RbZO—NbZO5 and Rb20—Ta205
systems suggests that these systems may be more favorable for melt
growth of the GTB and HTE type phases. The phase equilibria in these
systems will be examined in more detail and attempts made to grow

crystals which might then be ion exchanged.

2. Small crystals of the hexagonal tungsten bronze phase in the system
KTaO3—WO3 have been successfully grown from a potassium tungsten
oxide flux. Attempts will be made to grow larger single crystals of

this phase for dielectric loss and/or ionic conductivity measurements.

3. A cubic phase of KSbOS, similar to the high pressure polymorph previcusly
demonstrated to exhibit ionic mobility, has been successfully synthesized by
the addition of a small amount of either SiO2 or A1203. The phase
egquilibria of the szoq—NaSbO3 and Sb204-KSbO3 systems will be studied
and the effects will be studied of various impurities on the stabilization
of the cubic modifications of Ksb03 and NaSbO3. Attempts will be made to
prepare single crystals of these cubic phases and/or other interesting

alkali antimonates,
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

FIGURE CAPTIONS

Phase equilibrium diagram for the system NbEOS-LiNbO3
redrawn to conform with accepted published data.

o - liguidus [7]

@ - transition [7]

e - solidus and solid solution boundary {7,11]

X - present work

O_-LiTa0._,

Phase equilibrium diagram of the system Ta2 5 3

mostly from reference [2].
o - completely melted

- - partially melted

e - no melting

Phase equilibrium diagram of the system Nb OS—NaNbO3

2
X - liquidus values from reference [4]

o]

A

completely melted '

@ ~ partially melted
® - no melting

dotted line - a phase resulting from reaction with atmospheric
moisture

Phase equilibrium diagram for thg system TaZOS-NaTaO3
o - completely melted

@ - partially melted

e ~ no melting

X - gquenched specimen

- Phase equilibrium diagiam for the system Nb_O_-KNbO

275 3
X ~ liguidus wvalues from reference [20]

completely melted

o-
@ - partially melted
® - no melting
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Figure

Figure

Figure

Figure

Figure

6

7

8

10

Phase equilibrium diagram for the system Ta205—KTa03

# - solidus and liquidus values from reference [25]

o - completely melted

@ ~ partially melted

X - no melting

Dielectric loss (epsilon-2) versus reciprocal temperature
(theta = 103 x degrees Kelvinwl) for a specimen of
llK20:89Ta205 {sample No. 27) having the structure of

the Gatehouse Tungsten Bronze {(GTB).

Dielectric loss (epsilon-2) versus reciprocal temperature
{theta = 103 x degrees Kelvin_l) for a specimen of
16.67K20:83.33Ta205 {(sample No. 23) having the structure
of a Tetragonal Tungsten Bronze modified by superstructure
to a tripled cell with orthorhombic (TTBs).

Dielectric loss (epsilon-2) versus reciprocal temperature
{theta = lO3 X degrees Kelvin-l) for a specimen of
21.75K20€7S.25Ta205 (sample No. 39) having the structure
of a Hexagonal Tungsten Bronze (HTB).

Dielectric loss (epsilon-2) versus reciprocal temperature
{theta = 103 x degrees Kelvin-l) for a specimen of
34K20:66Ta205 (sample No. 28} having the structure

of a Tetragonal Tungsten Bronze with no superstructure

(TI‘B) -

23



0
Te!
o
| i = | T [
ST T
o
L [ ] -1
b 4
%
x —
X
PR ¥ N —
X
] |
o o
s 8 8
nlu (9)] w

1

70 60 - LiNbO,

80

NbOg 14~ 90

mal % NboOg

24



I | | I T T | I 1900
1800°
| \\"\.\ o
E L-Tagses +lidh N o H-1:3 + Lig. 514-1 1700
= +
H-Top0s l f °} 2 - N JLIES
ll. * o — 3 2 < 1600
| f' MM
) ! L — 1500
11 5S
:l 'T1LY)
v - 1400
"
{ [ ] L} [ J ® L [ ] » L ] [ X X X J BN J
_ - — 1300
H-1:341:]
ITa05. | L-Tag0s + H-1:3 3 Flse
JT : — 1200
$ 1i0°
- @ rF———t———————— ~ 1100
L'T0205 + M-1:3
— o.i.o ® . ® [ . ® e oolo--— Q00 7
I I
- | L5 JH | 9200
| I
| } I Jeoo
e l_ _________________ —
O —
_ — 700
L-Tay05 + L-1:3 L-1:3+ It gg
| — 600
: | L1 | [ | | 500
0 5 10 5 20 25 30 35 40 45 50
T0205 mol % LI20 L1T003

25

TEMPERATURE, °C



TEMPERATURE ,°C

1600 T | T T I T T
1500
1400
1300
1200
1100
™
1000 + " ¢ se o ™ . “‘ : - . i___g 9900; . —®
VoA :
................... SR T
00 b8 ____ i e . i e . —
. i 8 o) I
800 | . AT T A ]
L ] [ X | L ] f [ ] [ ] [ ] - a @ ] L ] L ]
700 + -
600 Lol L1 I ] | | 1 L
O 5 13 10 |'3|5 20 25 30 |'235 40 45 50
"Nb20s mol % Nas0 NaNbOz

26



TEMPERATURE ,°C

x
1300 <I _]
1200 I | 1 Ll I l 1 |
0 5 10 15 20 27 25 30 |,235 40 45 50
mot % Na,0 NaTaOx

27



TEMPERATURE, °C

Rele

1000

900

800

700

600

500

- ® LR ® A e Q80 epo o 4178 1039¢ 0,‘\<
ITBS X
— ® . e ...: .0 r e o .? : o|le o # L X -—.I
I:3— 4:9— 2:3— HEm,
- | t -
] ]
1 N ®
IR WS b 7]
® s o ] ] -* ) ) o0 ®
| | I l I |
O ] {0 5 20 25 30 35 40 45 50
Nb205 mol % K20 KNbO3

28



1 I _ I R N _ E DREE [ T _
|
I
= w x x _ —
S l
& I
— » x X *x “ —
|
! = h I
- = -K — — x |I_
N S
S 2 g 1 I [
- m m - m x | x| ; -
o L Ly—xfx|  x x |
o o) * wl x x x | |
% s . e — » M w —
— ﬂlo. O B— b+ -KX »® x xm )
| .uln.“v ] | !
: x5 P % 1 —_d %
[ om x > x \\J —
mm_ = \\\\_\ |
x X = ox e T % et e -
i 2\ _ l | y
Sld x | | [ >
- ® @0 OxX X|x X _ I x .
.| = _ _
3 _ _ !
. m_ x x | | x X -
i I |
| I l _
| | 1| L 11 ] | I N L ] [
Qo o (@) o (@] o Q o [®] Q w O @] (@]
@) O O o O o O O O O @] O o
w M~ {e] Ty] g 9] m - m (0)) 0] ~ (0] w

1900

Do ‘FHNLVHIJWIL

50
KTaOz

15 20 25 30 35 40 45
mol % K20

10

TQZ 05



SAMPLE NO. 27 FREQUENCY = 1,0 03 ' LSHPLE M. 21 FREQUENCY = 1.0€ 04

10 " 10
b .
At ]
i b
1 4
, '
10 |4 w'la
SR AN o N
5 . g LA
Z ] g |
“ ¥ 4 o ] :
]
10 S 10 ' ‘
' LI - .
4 L] u
2 .I
1! 10"
2 4 § [ ] " 12 1] % 1% 2 n z 4 [ 3 4 1] 1 14 1] 1) F
THETA _ THETA
" SSHRLE MO, 27 FREQUENCY = 1,08 05 SORLE No. 27 FREQUEKCY = 1,8E 06
. "
. [ ]
N [ ]
y
. .
[ ]
" A Y
[ ] AN N ']
YR I | ~ 2
5 3 & g
wn = []
b 4 i?, g " 1—1-n ’F
0 % ‘ T
1
o -
R [}
]
1
"-lz 4 [ ] 10-‘
1% [} 1] ! ] | ] b | -] 2 4 [ ] [ " 12 4 1 " i ]
THETA THETA

DIELECTRIC LOSS (EPSILON-D) VERSUS RECIPROCAL TEMPERATURE (THETA = 10° x DEaregs KeeviN™l) FOR A SPECIMEN

oF 11K;0:89Tag0g (saMpLE No. 27) HAYING THE STRUCTURE OF THE GATEMousE TumesTen Browze (GTE).

30



SAMPLE MO, 28 FREQUENCY = 1,08¢03 .smu:. w, 23 FREQUENCY = 1.0E+04
13— e ", '
[} L]
(] L]
b
10K
..... l-q
")
[}
natp 02
5 =
E D
¥ &
— s n o]
L) ' 2
! 0 d oYy 'n
. L4
. i n? 5
H ol IS " 1 -
[] ) ] y
[] RS- [ -
o] <5
" 3 [ ] ] ? [} ] [ 1] 1} 1t 2 4 [] ] H [ " 1" 1z
TETA THETA
'nm N3, 23 PREGUENCY = |, 060408 .SAI‘PLC NO. 23 FREGUENCY » 1,46E+06
:L " [ —
.P '
[ ] .'
" '=ﬂ- 1
: .' nt
& : = b 11—
[ ] N 1
li : L s I
10’ -
" : : £ [ o |
' L3 ’ w.)bo“o & 20 G‘D
'ﬁ" d o' II‘ .0‘
] N [ v L4
0y
n . ‘
b i
i .
] ‘r
1] =
Ty 1?
| [} 4 § § 1 [ ] [ ] il 11 1] H ] 4 [ ] 4 ¥ [} * " 1" 12
THETA THETA

. ; .
DiecEeTate Loas (EPEILON-2) VEASUS REciPROGAL TRMPERATURE (THETA = 107 % DEARNEN KELvIN 1: FOR A GPECINEN
oF 15.570(2&!!.111;295 (RAMPLE No, 23} WAVING THE STRUETUAE 6F A TETRAGONAL Tunanten Bronze Mooir)en

BY BUPERBTRUCTURE TO A TRIPLER CELL WITH OATHORHONBIE BYNMETRY (TTHs)

31l



EPSILEN-2

EPSILON-2

zS_IM’LE N, 35 FREQUENCY » 1,0£+0% 'Slﬂﬁ Np, 39 FREQUENCY « 1,0E+id
1D . S gem - — = i e - T
A S . . a W
of oed b .
. - [}
4
5N T Y 4 e -
[ ]
Ooder L e 1 [}
L A — o . +—
W n -+ SO S i . .| —_
. _8l _ § f 2
[T I
i o
' " 55505y ot oA AT ) .
° N%“o ' o IP %u’n
R e e e L rof 2
[} — o ﬂ..ﬂ% * s
. o . ¢ L N
. LN *uy i
gp [ 1 Fou o
P f ¢
o™ 10" :
12 3 4% & Y 4 3% uw o owm o un vtz % 4 85 & 7T & $§ u B 1
THETA THETA
JSARLE N0, 30 FREQUENCY = 1.0E+05 SUPLE MO, 39 FREQUENCY o 1,0E+08
10 . — s w' o—
' "
i— M
[l - ) N
] 8 loh¥my
" ’ 2 Hu?@q & L F— -9
k)
[} = F -‘}l %.
. '-'8 ‘_23 . 1%
o o t &
H ﬂl & & LI nu
:uan u"q, ¥ a _
10 » % °ﬂnn‘ N 'ﬂn 3 .
(3 vh“ ] I
. iy '
'] | " o /]
4 Q0¥ 0°
Moag , R 0:
3
¢ TE d a0 e
T - g™ B
1 2 H 4 § & 1 L[] ¢ won 1 z L I D N D R T T T -
THETA THETA

DIELECTRIC Loas (EPSILON-2} VERSHE RECIPROCAL TEHPERATURE (THETA = 10° ¥ nesrees KEtvinl) For a SPEC IMEN

aF 21,75¥50:78,25Tag0r (sampLE Ho. 39) HAvING THE STRUCTURE OF A HExasonaL TuwesTew Prowze (HTR),

32



EPSILON-2

EPSILON-2

FREQUENCY = 1,0E+03

SAMPLE NO, 28
' -
WITT ]
HE
: - |
T G e
M Q N
L o5 —
X %a»
B
10 ol
L]
N pe o a I —
00 * oo LA Y Rl L W
* r 1} M R T
-2 .. 50 0 ° o
19720 o0
. 0o ¢
2 e
- o [
10
. [
*
']
-4
t 1 2 3 4 7 8 % 10 1Y @
THETA
‘SAHPLE N0, 28 FREQUENCY = 1,0E+05
10 T
[} 1
'
[
1
19 0 R ~
L]
b |8
o
. =
']
. ]
LY
-1 uﬂ
10 -
&
. [
. il 0l L Y JOON O
[Py ) Ll I B
2
10w
1 2z 3 4 s T e "

EPSILON-2

EPSILON-2

Dreteerric Loss (EPSILON-2} VERSUS RECIPROCAL TEMPERATURE (THETA = 107 x pEaRees KELVINLY FoR A SPECTMEN
oF J4¥o0:66Tag05 (sampLe Ha, 28) HAVING THE STRUCTURE OF A TeTrRaGONAL TungSTEN BRONZE WITH NO suPERsTRUcTURE (TTB)

33

SAMPLE NO. 28 FREQUENCY = 1,DE+04
. - -
N [} I P
s A N
L] — s
X
A
I ki — —t = —
] Y — ]
[
?
' 0,
4y dﬂ' 1
. A
1 P .
' - \%@o k0. vt F e PP T o T
ap t g 0 go
H -
-e —
L
L]
i b e et
H
-5 |
1 2 3 4 5 [ T [] 9 1wt f2
: THETA
SAMPLE NO, 28 FREQUENCY = ¥.0E+06
)
L]
4
B
H L.
S&u
. [+ LY 0 o
L
. 3 oY
q uJ
ongh o
. b
]
L]
-2
1 2 L 4 5 [ 7 1 9 wootnoRr
THETA



TABLE 11 BXPERIMENTAL DAPA FOR THE SYSTEW Nb,0g-LiNbO,

Compomlition ‘Initial Heat Final Heat Regylts of Physical Rasults of X-Ray Diffraction
Traatmant b/ Treatmant & obasrvation Analysan
wola v &/ Temp.  Time  Temp, Tima
o Hys, e Hee,
Hb205 Li20 :
97,50 2,5 1000 % - - -— X H=NbyOg + 1:3 + N~MbgOg (tx}
95, 00 5,00 1000 63 - - —— -
1202 20 - N~HbpOg+ H-NbaOg
1249 13 Not malted - "
1274 24 Not viaibly melted ————
1294 22 Not vigihly meltad W-Nba0g + H=KbaDg
1318 24 Not vimibly melted mum——
1336 23 Some liquid present === ————-
91,113 6,67 1000 62 - - -—— H-NbaOg + 1:2
1202 20 — N-Hb205
1245 19 Not melted N-Nb2 05
1274 24 Not malted ————
1294 22 Not visibly melted N-Nbz0s &
1318 24 Partially malted H-NbyOg + 1:3 + N-NbhyOg
1336 23 Partially melted ————
92.86 7.14 1000 [:14] - -— ——-— e
1254 22 Not melted N-Nbs0g + H=Hb,0g + 1:3
92,11 7.69 1000 63 - - m——— e
1202 20 Not melted N-NbyDg + 1:3
1248 18.75 Partially melted A
90.00 10.00 1000 63 - -— - ———
1202 20 Hot melted N=NhbyOg + 113
B83.33 16.87 285 &4 - - Not melted 000000 -
1244 20 Partially melted ————
80,00 . 20,00 985 65 - - Not melted 1:3 + H-HD,04
1190 96 Mot melted 1313 + N-Nb,O,
1224 25 Not melted Smm——
75.00 25,00 985 &5 - - Not malted 1:3
1190 56 Not melted 1:3
1224 25 Hot malied —-——
1244 20 Partially melted N=NbyOg + 1:3 + 1:1
70,00 33.00 1000 70.5 - - Hot wmelted
11831 23 Hot nelted
1195 24 No vigible melting
1203 25 Some melting
1207 23 Sotme melting —————
1215 24 Some melcing —————
66,67 33.33 985 65 - -~ -— 1:1 + 1:
1150 a6 Not melted 1:1 + 1:2
1224 25 Melted ———
£3.99 36,01 1000 0.5 - - —_—— e
1183 23 Not malted ——
1135 24 Partially melted -—————
1203 25 Mealted 1l + 13
1207 23 Malted [

a/

For eame and acouracy of weighing Lis0 was added to Nb05 as TLiNb®3 not as the oxide
end member,

® an spacimens ware initially calecined in Pt crucibles at the indicated temparature and
time,

sf All subssquant heat txeatments wers guenched in sealed Pt tubas from tha indicated
temperaturs,
-4 All phases jdentifisd are given in order of amount presant at room tamparature
[greatast amount firmt). The phases are not nacessarily those present at
tha temparature to which the specimen was heated,
H=Nb20s5 ~ the high temperature form of NbaOs
N-Nbz05 = & metastable form of NbzOg apparently stabilized by LizO,
113 = LiNbjO0g
111 -~ LiNbOy solid solution

&/ fheas expsrimentd suggest that the N-NbjyOs phase malts incongruently between
1294* and 1118* rathar than ae ths 126R° value given hy Raiaman,
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TABLE 2: EXPERIMENTAL DATA FOR THE SYSTEM Ta,Og5-LiTao,

Composltion Initia)l Heat Final Heat Reaults of Fhysical Rasults of X-Ray Disfraction
Treatment B/ Tréatment S Observation Analyses &
Mole % &/ Temp, Time Temp, Time
*C Hrs. c Hra,
T!zOs l.igD
99 1 1000 60 -- - —— -
1600 19.00 No melting H-Tay0g + L=Ta,0g 85
1795 g.17 ho melting “ "
1805 0.17 Partially melted ———
] 2 1000 ] - - ——r— ——————
1600 24.00 No melting L-Taz05 $8 + H-Taz0g
1795 Q.17 No melting " "
1806 0.25 Partially melted " "
a7 3 1000 &0 - - ——— ————
1600 24.00 No melting L-Taz05 s8&
1795 0.17 No melting ’ "
1803 0.17 Partially melted —————
1842 Q.03 Partially melted ————
1855 0.03 Completely melted @ =00 6————e
96 4 1000 a¢ -— -— ———
1794 0.17 Partially melted
1820 0.332 Partially melted ——
18234 0.33 Completely melted ———
a5 5 1000 10 - - - —————
1350 24.00 No melting L-Ta,0g 88
1594 16,00 No melting "
15497 0.50 No melting ——————
1667 0.17 No melting ———
1732 0.17 No melting 000000 ————
1757 0.17 No melting —————
1782 0.17 Partially melted L~Ta,0g 88
1809 0,17 Completely melted "
94 6 1c00 10 - - -— L-Ta,05 ss
1550 16.00 Bo melting 0000 mwaeo
93 ki 1000 1o —_ - L-Ta305 ss + M~1:3
’ 1550 24.00 No melting " "
1625 16.00 Partially melted L-Taz0g ss
92 8 1000 10 - - mme——
1615 1.00 Partially melted
1625 0,75 Partially melted
1627 0.75 Partially melted
1635 0.50 Partially melted
1653 Q.50 Partially melted
1663 1.00 Partially melted
S0 ’ 10 1000 Ia - et ot ——
1350 24.00 No melting L-Ta,0; s5 + H-1:3
1583 0.50 Ne melting ————
1590 16,00 No melting L-TayQs5 88 + H-1:3
1593 0.50 No melting ————
1607 ¢.75 Partially melted L-Taz0s5 88 + H-1:3 + 1:1
1618 .50 Partially melted -————
:1] 15 1000 10 -— - memee
1350 24.00 No melting
1583 0,50 No melting
1593 Q.75 No melting
1605 0.50 Partially melted
80 20 1a00 1Q - - ————— M-1:3 + L-Tay0s ss
1350 24.00 No melting H~1:3 + L-Tay0g ss
1580 1.00 No melting - i
1595 1.00 No melting -
1609 0.50 Partially melted ———
le42 -0.50 Partially melted ——
1646 0.50 Partially melted
1695 - 0.75% Probably completely K —=——-

meltad
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7 F11 800
1000
1000
1205
1000
1250
70 an 1000
66.67 33.33 1000
6 40 1000
56 44 1000
55 45 1000
54 46 1000

107
10

10
1la

10
30

10

10

10

10

10

welting
malting
malting
malting
malting
malting
malting
malting
malting
maiting
melting
melting
Completsly meltad
Complately meltad

EEEEZZEEEEET

No melting

o melting
Ko melting
Partially melted
Partially melted
Partially melted
Partialiy melted
Probably complately

malted

"

HO melting

Ho melting

Ho melting

Probably some melting
Considerably melted
Completely melted
Completely melted
Completaly melted

Ho melting

No melting

Partly melted
Partly melted
Partly melted
Considerably melted

No melting

Ho melting

No melting

No melting

No malting
Partially melted
Completely melted

ko melting
No melting
No melting
No melting
No melting
Partially melted
Partially melted
Completaly melced

o melting
Ko melting
No melting
No melting
Ne malting
No malting
Partially melted
Complataly melted

L=113 + M=1:3
N-1:3
L]

i R

H=1:3 + L~Tay0g 38 + 1:1

M=1:3 + 1:1 =%
H-1:3 + 1:1 az

—y—

H-1:3 + 11 &8

—
——er

——————

1:1 88 + H-1:2

1:1 ss
1:1 88 + #-1:3 (tr)
111 ss

A1=l 55



53 47 1000 10 - — emme= meees

1348 66.00 No melting - 1:1 ss

1440 70,00 No melting "

1550 1.00 No melting ————

1612 0.50 Just begun to melt ——————

1623 0.50 Completely melted ~———-
32 48 14300 10 - _— e 1:1 ss

1348 66,00 No melting
1440 70,00 No melting

1550 - 1.00 No melting 0@ (==-m-

1612 0.75% Ne melting 00 @ ——==-

1623 0.50 Just, begun to melt ———

1637 0.33 Completaly melted  —-——-—-

1754 0.17 Completely melted = -=w—-
50 50 Starting material - - Powder 1:1

1348 19.00 No melting
1522 16.00 No melting "

1538 2.50 No melting "

1553 20.00 No melting = 0=-———=
1592 1.00 Mo melting = =—-——
1598 1.75% No melting 0 z@——===
1607 1.00 No meilting =0 @W—-—===
1612 1.00 No melting . me———
1616 1.00 Partially melted = = ——==-
1630 0.50 Completely melted = -———-
1633 1.00 Completely melted = —————

a/

= Por ease ané accuracy of weighing, Li,0 was added to Tay0O5 as LiTaO3z not as the oxide end member.
b/ All specimens were initially calcined in Pt crucibles at the indicated temperatures and time.

s/ Specimens were heated in both open and sealed Pt tubes and seemed to show no difference or discrepancy
in results, as very little, if any, volatilization takes place even from the melt.

a/ All phases identified are given in order of amount present at room temperature {greatest amount first).
The phases are not necessarily those present at the temperature to which the specimen was heated.
H-Tas05 - The high temperature polymorph of TasOsg.
L-Tas0g ss - A solid solution of the low temperature polymorph of TapOgs stabilized by LijO.
L-1:3 - The low temperature polymorph of LiTa Og isostructural with LiNbaoa.

M-1:3 - The medium temperature polymorph of LiTaz0Og isostructural with the mineral woodgenite.
H-1:3 - The high temperature polymorph of LiTas05 isostructural with LiTag0, F and Ta,W,0; 4.
1l:1 ss - A solid solution of LiTaO3,
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TABLE 1: ENPERIMENTAL DATA FOR THE SYSTEM NbyOg-NaNbOj

Comppaition Initial Heat Final Heat Results of Physical Results of X-Ray Diffraction
Treaatment Traatment & CObaservation Analyses
Mole o &/ Temp. Tima Temp., Tima
' Hre. "¢ Hes.
NkaOg Nap0
3 5 750 69 - - m— H-Nb,Op + 1:2
1000 69 - - Not malted 1113 + H=NbaOg
1200 21 Not maltad . »
1250 21 Not malted 0 ===e=
92.86 7.14  BOO 69 - e memee H-NbzOg5 + 1:6
875 19,5 Not malted "
900 140 Not malted 1:13 + H-NbyOg + 116
1200 21 Not melted 1:13
1000 164 - - . Hot melted "
12580 687 Hot malted v
1225 64 e e Not meltad = ====00llZé==e———
1000 234 Not malted 1:13 :
90.01 8.09 750 69 - == e H-NbpQg + 1:2
1000 69 - - Not melted 1:13 + TTBs + H-Nb,Og
1200 22 Not melted 1:13 + TTRs
1250 21 Not melted "
90 10 750 64 - - e H-Nb,Og + 1:2
1000 69 - - Not melted 1:13 + PTBs
B87.5 12.5 750 89 - - wmee— Hriib,0g + 1:2
looo 69 - - Not melted 1:13 + TTBs
1200 22 Hot malted -
1278 72 -Partially melted -
1285 1 pPartially melted "
200 114 - - eem— e
1225 g - - Nat melted 1:13 + TTBs
83.33 16.67 750 64 - == m=e=—— H-Nb,Og + 1:2
800 113 Not melted 1:6 + H—NbZO5 + TTBs
880 20 Not melted TTBs + H~NbsOg + 1:6
00 18,5 Not melted "
1000 69 - - e 1:13 + TIBs
1200 22 Not melted "
80 20 750 64 - -— m=—e— H-Nb20s5 + 1:2
800 113 Not melted 1:6 + H~NbyOg + TTBs
840 70 Not melted : TTBS + 1:6 + H-NbyOg
869 19 Not melted - . .
B8O 20 Not melted "
900 18.5 Hot melted - " .
) ) 1000 &7 Not melted . TTBs + 1l:13
1000 69 - - —— "
1200 22 Not melted o
T 1270 1 Nat melted N e
127% 1.5 Not melted =000 sewes
1278 2.5 Partially melted = = 0 o————o
77 23 870 al - = eeee- TTBs + H-NbyOg + 1:2
1100 21 -— - Tomm——— TTEs + 1:13
1100 44 - e e TTBs
1238 - T "
75 25 750 64 - e H-NbaOg + 1:2
' 800 113 Not melted 1:6 + TTBa + 112
980 18.5 Not melted PTTBs
1000 20 Not melted "
1000 &9 - - Not melted i "
1200 21 Not melted "
1274 1 Not melted =0
1275 1.5 Not melted @ =00z ———ae .
1278 2.5 Completaly melted @ = ~wwe-
1280 1 Completely melted @ @ =006=wee—
1200 21 800 115 Hot melted TTBs
900 62 - - emeee e
1000 96 - - Not melted TTBs
1225 1 Not melted "
12258 5 Not melted "



72,92 27.08 200 19 - - ———an TTBs + 112 + HeNb,Oy

900 138 - - semae TTBs + 1:2
’ 950 9l ———— : "
1100 44 - = Not melted Tr8e (+ i1 7) &
1238 19 Not malted —————
1249 3.5 Partially melted ———
1255 16.5 Partially melted —————
70 30 750 64 - - me=—— 1:2 + 1:1 + H-szOg
10060 69 - - Not melted 1:2 + TTBs (+1:1) &/
1000 20 Not melted " e/
1200 22 Not melted TTBs (+1:1 27} =
66.67 33.33 a00 62 - _-— ———— e
200 93 - - Not melted =0 Z =====
350 93 Not melted 1:2
BOO 62 - - mmee— e
1190 62 - - Not melted TTBs + 1:1
975 21 Not melted 1:2
985 22 Not melted 1:2 (+TTBs + 1:1) trace
800 89 - - em—— 1:2
985 45 Not melted 1:2 (+1:1 + TTBsS) trace
1000 169 Not melted TTBs + 1:1
1073 &7 Not melted "
1200 21 Not melted "
65 35 750 64 - - e T:2 + 1:1 + H-Nb,Oy
1241 19 Not melted ' ————
1254 19 Partially melted ——
1000 53] - e Not melted 1l:2 + 1:1
1250 21 Partially melted TTBs + 1:1 (?2)
60 40 750 64 —-— —_— - 1:2 + 1:1
1241 19 Not melted 1:1 + TTBs
1245 65 Partially melted @ = = = —-—-—-
1254 19 Partially melted = = =  ww=-=- of
1000 69 - - Not melted 1:2 + 1:1 (+TTBs) —
1200 21 HNot melted 1:1 + TTBs
1250 21 Partially melted "
55 45 750 B4 - - mme—— 1:1 + 1:2
1241 19 Not melted 1l:1 + TTBs
1245 65 Partially melted = =~ -=—-—
1254 19 Partially melted = --———
1000 (534 - - Not melted 1:1 + L:2
50 50 750 64 - -— e—wes 1l:1
1000 69 - - Not melted 1:1

a .
& For ease and accuracy of weighing Na,0 was added to Nby0g a5 NaNbOj; not as the oxide end member.
b/

= All specimens were initially calcined in Pt crucibles at the indicated temperatures and time.
& an1 subsequent heat treatments were gquenched in sealed Pt tubes from the indicated temperature.

&/ All phases identified are given in order of amount present at room temperaturs (greatest amount first).
The phases are not necessarily those present at the temperature to which the specimen was heated.
H-Nby;Og - The high temperature form of Nb,Og
1:13 - NaNbj]3033
1:6 - NaNbgO]5{0H}). The presence of this phase indicates that the specimen has reacted with
atmospheric moisture.
TEBs - A nonstoichiometric solid solution having an orthorhombic distortion of a tetragonal
tungsten bronze-type lattice with superstructure indicating a tripled unit cell.
1:2 = NasNb,Oq] .
1:1 « NaNbOj
e/ The presence of a small amount of either 1:1 or TTBs in eguilibrium with a large amcunt of the other
cannot be determined because of a complete overlap of all of the strongest peaks.
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Composition
Mole % -4
Ta.205 Nﬂ.zo

a5 5

83.33 16.67

80 20

77.78 22.22

75 25

70 30
33.33

66.67

TABLE 4:

Initial Heat

Treatment B
Temp, Time
°C Hrs.
1000 109
1000 109
1000 109
1527 16
800 112
1a00 109
1527 [
1722 0.08
1000 109
1000 109

EXPERIMENTAL DATA FOR THE SYSTEM TajOg=~NaTal;

Final Heat
Treatment &
Temp. Time
°c Hrs.
13z8 16.00
1549 16.00
1648 0,08
1653 0.08
1664 0,08
1679 0.08
1328 16.00
1527 16.00
1625 41.00
1643 0.08
1658 0.08
1670 0.08
1195 552.00
1270 360.00
1329 64.00
1527 16.00
1577 19.00
1623 17.00
1643 0.16
1654 0.16
1660 0.08
1670 0.08
1195 552,00
1270 360.00
1350 48,00
1527 16.00
1642 0.16
15654 0.16
1195 552,00
1270 360.00
1329 64.00
1527 6.00
1613 17.00
1643 0.25
1722 0.08
1195 552. 00
1270 360.00
1576 16,03
158Q B6d. 00
1612 0.08
1627 Q.08
1329 64.00
1524 7. 00
1601 1.00
1620 0.75
1633 0.08
1655 a.08
1698 0.08
1750 0.08
1805 0.08
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Results of Physical
Observation

Not melted
Not malted
Not, melted
Partially melted
Partially melted
Partially melted

Not melted
Not melted
Not melted
Not melted
Partially melted
Partially melted

No melting
No melting
No melting
No melting
No melting
No melting
No melting
Partially melted
Completely melted
Completely melted
No melting
No melting

Not melted
Not melted
Not melted
Completely melted

Not melted
Not melted
Completely melted
Completely melted
Not melted
Not melted
Not melted

Not melted
Not melted
Completely melted

Not melted
Not melted
Not melted
Not melted
Not melted
Not melted
Completely melted
Completely melted
Completely melted
Completely melted

Results of X~Ray Diffraction

Analyses

L~Tay05 + 1:2
=== .
H-Tas0g (tri.) + TTBs

TTBs + L-Tazos
TTBs + L-Tas0gss
TTBs + H-Ta205

1:2 + L-Ta,0¢

1:2 + L-Ta,05 + TTBs (tX)

T™Bs + 1:2

TTEs



60 40 1060 109 - - ——— emees

1602 5.00 Not melted 1:2 + 1:1
1617 G¢,08 Not melted ———
1628 0.08 Not melted = ==0000z—eee-
1632 0,08 Partly malted = =  w=awo
1664 0.08 Partly melted =00 =====
1685 0.08 Partly melted =0z we=eaw
1690 0.08 Partly melted -
1722 0.08 Partially melted ————
1737 0.08 Completely malted = = =——==
50 S0 600 4 -— = emee—— 1:1
1328 16,00 Not melted 000 -
1527 0.5¢Q Not melted -
1622 0.50 Not melted = % =====-
1676 .08 Not melted - ——
1782 a.08 Not melted ————
1800 a.08 Not melted =000 ——---
1821 0.08 Completely melted = =w=mes

a
a/ For ease and accuracy of weighing Nap0O was added to Tap0s as NaTa0Oj not as the oxide end member.

b/ All specimens were initially calcined in Pt crucibles at the indicated temperatures and time.

[ i s

g/ aAll subsequent heat treatments below about 1650° were guenched in sealed Pt tubes from the indicated
temperatures. Experiment above ahout 1650° were performed in an inductively heated Ir crucible using
sealed 80/20 Pt/Rh tubes.

& p11 rhases identified are given in oxder of amount present at room temperature (greatest amount first), The
phases are not necessarily those present at the temperature to which the specimen was heated.
L~TazQs - The low temperature polymorph of TasOg
H-Taz05 = The high temperature polymorph of TazOs
58 = 50lid solution
tri - Triclinic
tr - Trace
TTBs -~ A nonstoichiometric solid soclution having an orthorhombic distortion of a tetragonal
tungsten bronze-type lattice with superstructure indicating a tripled cell.
1:2 - Naz2Tau01)
1:1 - MaTaOj3
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TABLE 5: HXPERIMENTAL DATA FOR THE SYSTEM Mb205-KNbOj3
Composition initial Heat Final Heat Resulta of Physical Results of X-Ray Diffraction
Treatment Treatment S Cbservation Analyses
Mole + & Temp. Time Tamp. Time
. °n Hrs, °c Hra.
NbyOg Kg0 .
95 5 750 69 - - - H=Nbz0s + 1:3
1000 69 - - No melting H-Nbz0g5 + TTBs
1100 114 No melting -
1200 €9 No melting "
1275 20 No melting H~Nb,Og + GTB
1350 20 Partially melted (7} "
90, 54 9. 46 8co 62 - - ——— emee—
1000 96 - - No melting H-Nbz05 + TTBs
1305 140 No melting GTB (+H-Bby0g 7}
1315 46.5 Partially melted H-Wh,Og + HTB + ?
1325 17 Partially melted H-szos + GTB + HTB + ?
90 10 150 59 -- - —m——— H-Nb,0g + 1:3
1000 69 - E No melting TTBs + H-MbyOg
1100 23 No melting -
1200 69 tio melting -
1250 40 No melting GTB + H-Nb20s5 (+TTBs ?)
1275 20 No melting GIB + H=NboOg (trace)
1290 16 No melting "
1350 20 Partially melted H-NbyOg + GTB + TT¥Ba (?) + HTB (?)
1360 20 Partially melted H=NbyOg + TTBs + ?
1375 40 Partially melted H-Nb205 + HTB
B88.5 1.5 BOO a2 - - i —_—
1000 96 - - No melting “PTBS + H=NbaOsg
1200 66 No melting TTBs + H-NbgOs5
1300 18 No melting GTB
1515 )3 Completely melted = =  =====
1300 18 - -— mwmee=— GTB
1196 18 No melting —_——==
1200 18 No melting =0 @0z 0 —wess
1200 (1) No melting GTB
1210 71 Ko melting GTB
1230 71 No melting GTB.
1325 17 Partially melted TTBs + H-Nby0g + 2
1335 0.5 Partially melted = -
1350 43 Partially melted
1515 1 - - Melted —
1300 72 Not melted GTB
a3 12 750 69 -— - == H-thos + 1:3 + L:1
1000 69 - -- No melting TTBs + H~NbaCsg
1100 45 NHo melting "
1200 89 No melting "
1275 20 Ho melting GTB + TTBs
1330 18 Partially melted GTB
133% 71 Partially melted H~NbyOg + HTB + ?
1350 20 Partially melted GTB + H-Nb205 (?)
1360 20 Partially melted —_—
1375 40 Partially melted HK-Nb;Og + HTB
ae 14 975 23 - - =m——= H-szos + TTBs + 1l:3
1250 91 -- - Mot melted TTBs + GTB
’ 1275 19 Not melted =00 aema=
1310 19 Partially melted (?) GTB + TTBs
1332 13 Partially melted TTBs + H-Kb,O¢ + ?
1335 120 Partially melted
1355 125 Partially melted
1515 1 Completely melted
85 15 a75 23 - - em——— + 1:3 + 2:3 hyd.
1250 91 - - Not melted
1275 19 Hot melted
1310 19 Partially melted
1325 16 Partially melted ——
1335 19 Partially melted H-Nb»O5 + TTBs + 7
1335 1258 Partially meltad ———
1515 1 Completely melted
84 16 975 23 - -_— m——— H-NbyOy + TTBs + 1l:3 + 233 hyd.
1250 gl - - Hot melted TEBs + GTB (7}
1275 19 Not melted = ==0é—me-—-
1310 19 Partially melted GIB + TTBs
1335 19 Completely melted ———
1515 1 Completely melted ———
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63,66 16, 34 750 69 - - ——— ——

1000 &9 - - Hot melted TTRa
1100 114 Wot malted b
¢ 1176 24 Not melted -
1200 6% Kot malted .
1275 a1 Not maltad "
1275 1 Hot malted
1285 1 Parcially melted
1287 1 Paxtially melted
82 18 975 16 e - —-——— H-WbyOg + TTBA + 1:3 + 2:3 hyd.
1350 a1 - - Hot melted ———
12738 19 Not maltad ===
1335 18 Completely nmelted ————
81.25 18.75 800 62 - - = ——r—
1000 9% - - Not melted TTBS
1225 5 Not melted "
1275 13 Partially malted {7} =
1335 18 Complately melted TTBs + HTB
8o 20 750 69 -— - ee—— 113 + H-NHb,Oy
1000 6% Hot melted TTBs + 1:3 + 2:3
13100 114 Not melted TTBs
1200 69 Net melted TTEs + 1:3
1275 21 Partially melted TTBS
1279 1 Completely malted @ ~—m—-
900 24 _— - e TEBS + 1:3 + HeHbyOg
1000 59 - -— ememe TTBS
775 42 "
800 65 "
a50 40 "
(uncalcined) 75 42 TTBS + 1:3 + H-NbgOj5
a00 65 "
850 L "
77.78 22.22 800 69 - - ———— ————
1100 45 ———— TTBs + 113
1200 89 Hot melted h
75 5 750 69 - - mee— 1:3 + 2:3 + H-Nb,O,
1000 69 - Al Not melted r1:3 + TTR
1100 114 Yot melted "
1200 69 Hot melted 13
74 26 . 800 45 - -— e ———
1000 45 Not melted 1:3 + 4:9
73 27 860 45 - - mmm—— —
1100 45 Not melted 1:3 + 4:9
2.2 27.8 800 62 - - —— ——
1000 95 - m— Hot melted 1:3 + 4:9
0 0 750 3] - e 4:9 + 1:3
1000 69 el - Not melted "
1100 114 Nok melted =000 @ —————
69.23 30.77 B20 13 .- _-— mmee—
1000 79 au - ——-
1100 21 tot melted 4:9
1100 45 Not melted m————
1183 43 Not melted 4:9
1205 2 Not melted -
&8 3z 260 45 - B et ——
1100 45 Not melted 4:9 + TTH
&6.67 33,33 800 89 - -— rmmme 113+ 2:3
' 100G 164 - - Not melted TTB + 4:9
275 21 Mot melted TTE + 4:9
9B5 45 Not melted TFB + 4:9
1100 114 Not melted "
1195 20 Parcially melted 4:9
85 35 750 (2] — - -————— me——-
1000 69 - - tfot melted TTE
1100 21 Yot melted TTE
119% 1B Partially melted TTE
121% 0.17 Melted ———
1358 X - — Melted ()
1170 2 Not melted TTB
1170 19 Not melted TTR
1143 13 Partially melted TTBR + 4:9 + 2:3 hyd.
1149 4 Partially melted "
1191 a7 Partially melted 4:9 + 2:3 hyd,
200 47 - - e ——m—
1000 T - e — TR
1125 a Hot melted TTR
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83.5 6.5 800 65 - - e —

1000 45 - - Not melted TTB + 213 hyd.
: 1143 2 Net melted "
1158 1 Net melted "
1165 1 Not malted ) ———
1170 2 Partially melted TTH
1180 2 Partially melted {7}
1200 0.5 Meltad TTB
62 38 800 85 - - ———— ===
1000 45 - - Not melted 2:3 hyd. + TTB
1130 16 Not melted "
1143 2 Not melted 0 000 @mme=—
1158 1 Not melted =000z 0 | =e=e-——
1160 1 Not melted 0 @z——=—=
1165 1 Not melted 0 e==—=
1170 2 Completely melted ————
1180 2 Completely melted @ = =——===
1200 0.5 Completely melted 2:3 + TTB
c0 40 750 69 - - = 1:3 + 2:3 + 1:1
1000 69 - - Not melted 2:3 + 2:3 hyd.
1300 20 Not melted 2:3
1143 2 Not melted 0zl =———-
1158 1 Not melted ———
1165 1 Completely melted = -—-—-—-
1170 2 Completely melted —_——
1172 2 Completely melted = ———-
1180 2 Completely melted = —————
55 45 750 b9 - -— eme——— 1:1 + 1:3 + 2:3
1000 69 - - Not melted 1:1 + 2:3 + 2:3 hyd.
53.85 46.15 750 69 - - eem—— 1:1 + 2:3 + 1:3
1000 &9 - - Not melted 1:1 + 2:3 + 2:3 hyd.
1000 20 Not melted "
1100 23 Partially melted 1:1 + 2:3
50 50 750 69 - B —— 1:1
1000 69 -- - Not melted 1:1
a/

For ease and accuracy of weighing K,0 was added to WNb,0g as KNbOg not as the oxide end member.
All specimens were initially calcined in Pt crucibles at the indicated temperatures and time.
All subsequent heat treatments were quenched in sealed Pt tubes from the indicated temperatures.

All phases identified were given in order of amount present at room temperature (greatest amount first).
The phases were not necessarily those present at the temperature to which the specimen was heated.
H-Nbz05. - The high temperature form of Nb20s5.
1:3 - NaNbzOg.
GTB - Gatehouse Tungsten Bronze - A nonstoichiometric solid solution having a large
tetragonal unit cell with 7-sided tunnels first described by B. M. Gatehouse for
a rubidium niocbate of unknown composition.
TTBSs - A nonstoichiometric solid solution having an orthorhombic distortion of a tetrageonal
tungsten bronze-type lattice with superstructure indicating a tripled cell.
4:9 - A compound having the apparent composition 4K0:9Nb20s (KgNbiaOyg).
TTB - Tetragonal Tungsten Bronze — A nonstoichiometrit s0lid solution having an undistorted
tetragonal lattice with no superstructure,

2:3 - KylWbgO17.

2:3 hyd. - The hydrated form of ¥ Nb Oy, in equilibrium with atmospheric moisture at room
temparature.

1:1 - KNhO3.

HTB - A phase resulting from a quenched liquid with an x-ray pattern resembling a hexagonal
tungsten bronze. : '
? - An unknown phase which apparently results from quenching a liguid.
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Composition
Mole % &
Taz0sg Kz0
a5 5
80 10
89 11
87.5 12.8
83,33 16.67
80 20
78,25 21.7%
77.18 22.22

TABLE €: EXPERIMENTAL DATA FOR THE SYSTEM Ta,0g=KTa0,

Initial Heat

Treatment
Temp. Time
*C Hra.
14600 109
200 168
1000 109
1609 17
800 115
00 216
800 192
900 168
1000 109
1000 109
1617 16
1618 16
800 al
5300 168
1581 19
1602 6.5

Final Heat
Treatmant &7
Tamp. Time
“c Hrs,
1337 16
1549 16
1602 16
1466 168
1500 17
1553 1.0
1609 17
1715 1.5
1747 1.8
1795 1.5
13521 44
1601 0.75
1619 64
1620 16
1466 168
1500 17
1621 44
1624 0.17
1647 0.17
1657 0.17
1600 12
160l 17
1640 19
950 360
1100 64
1337 16
1532 16
1810 16
1624 0.17
1634 é.5
1633 0.17
1647 0.17
1337 16
1538 16
1614 16
1617 16
1618 16
1325 168
1350 144
1600 [
1549 1.0¢
1571 l.0
1575 10
1581 19
1602 6.5
1607 0.5
1620 16
1632 19
1549 19
1549 1.0
1571 1.0
1603 0.17
1613 0,17
1624 0.17

Resultes of Physical Results of X-Ray Diffraction
Observation Analyses
----- L~Taz0§ + 1:5 + TTBa
No melting L-Ta,0. + TTBs
No melting H-Ta05 + GTB
No melting "
No melting TTBa + L-TapQg + H-Tas0s
No melting TTBS + H-Ta;05 + L-Tas0g
No melting =00 é@——=e-
Ho melting GTB + H-Tap0g (7}
Partially melted mm——

Partially melted
Partially melted

HTE + H—Ta205
HTB + H-Tajy05 + L-Ta,0g

No melting =00 ===
No melting =00 ====-
No melting GTB + H~Taz0s5
No melting GTB + H-Ta,0g
No melting GTB + TTBs
Mo melting =00 @ me=e-
No melting 000 ——=—-
Mo melting 0000 ===—=
No melting ——
Partially melted = 0—————
""""" 1:5 + L-Tay0g
No melting GTB
----- 1:5 + L-Tazﬂs
No melting GTB + TTBS
Partially melted GTB
——— L~Tay0g + 1:2
——— 1:5
Ho melting 1:5 + TTBs (tx)
Ko melting 1:5 + TTBs + L-Ta,0¢
————— TTBs + 1l:5 + L—Ta20s
----- TTEs
————— ‘TTBs
————— TIBs
Mot melted =000 @——-—-
Partially melted GTB + HTB
Partially melted = = = —====
Partially melted = = = ~———-
----- TTBs + 1:5
Not melted TTBS
Not melted TTBs + 8L
Not melted HTB + TTBS
Not melted "
Not melted "
Not melted TTBa
Not melted "
----- HTB
Not melted TTBs + 9L + HTB
Hot melted === @cee——
Not melted @ === sem—-
Not melted HTB
Not melted HTB
Hot melted T e
Partly melted (?) HTB + 9L
Partly melted = = ===0000o—ceee
Not melted 'HTB + TTBs
Not melted 000 e
Not melted . HTB + TTBs
Not melted —===00000o————a
Not melted ————
Partly melted ————



15 25 ao0 168 - - e l:2 + 115 + TTBs

1304 96 Not melted TTBs + TIB
1340 19 Not melted = 0dzé=====
1579 16 Not melted 9L + HTB
1600 68 Not melted ————
1692 2 Complestely malted 11L + HTB
1000 109 - —_— wme—— TTBs + TTB + 3L
1100 64 Not melted TTBa + TTB
1327 120 Not melted TTBs + TTB
1340 19 Not melted 91, + TTBs
1340 72 Not melted "
1538 64 Not melred "
1575 140 ot melted ) "
1598 0.5 Not melted = @ =———=
1611 5.5 Not melted 9L + HTB
1634 16 Melted HTB + H-1:3
1646 1.0 Melted "
1340 72 - - mee=—— e
1600 68 Hot melted 9l + HTB
1606 16 Not melted 9L + HTB
1340 72
900 1.5 1610 -— Not melted 9L + HTB
1000 109
1538 64 1528 12 Hot melted 9L + TTBSs
1600 68 1603 0.25 Not melted 0 @z @ w====
1613 0,25 Melted 00 @W——me=
1624 0.25 Melted 0 -
73.85 & 26.15 1462 69 - -- Not melted 9L,
1304 a6 Not melted 9L + TTE
1327 120 Not melted 9L + TTB
1603 0.17 Not selted 0@zl ===—-
1613 Q.17 Partially melted —————
73.67 ¥ 26.33 1443 89 - - Hot melted 9L + 16L
73.5 E/ 26.5 1466 64 - - mmm—— 16L + 9L {tr)
1400 a8 Not melted 16L + 9L + 11L
1574 0.5 Mot melteda 00 0————=
1574 16 Not melted 16L
1586 16 Not melted 0 Zo =====
1594 4 Not melted 0 @===-=
1603 0.17 Not melted 00 o —-———=
72.73 27.27 1000 68 - — e— e
1361 24 Not melted 9L + TTB
1400 48 Mot melted "
1573 0.17 Not melted =0 o 0 ===--
1573 16 Not melted 11L + 1BL
1589 0.17 Mot melted = —————
1629 Q.17 Completely melted = = —w===
1632 Q.08 Completely melted = =  ===—=—
71.43 28,57 1000 68 - -— mm—— TTEs + TTB + 1:2 + 1:5 + 3L
1361 24 Not melted 9L + TTB
1438 75 Not melted 16L + TTB
1465 136 Hot melted 11L
1507 139 Not melted IlL
1578 1.0 Not melted T m——
1583 3.5 Not melted 11L + TTB
1591 88 Hot melted 11L
1611 0.08 Not melted =0 @ 00 ==———
1613 0.17 Not melted =0 @z@0 ===
1618 0.08 Not meited 2020z ————=
1618 16 Not melted 00 ===—-
1624 0.08 Meltesd 0006 =———
1626 1.5 Melted ————
1694 1.0 Melted 11L
1575 10 - - emm—— 111 + TTB
1583 3.5 1438 15 S m—— 11L + 16L + TTB
1465 33 0 ewmee— 111
1507 137 L m——— S11Ln
70 30 1000 68 —— - ame—— R —
: 1361 24 Not melted TTE + 9L
1622 1.0 _ Melted . 11L + TTB (tr)
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66,

66

€5

60

35

50

2/
b/

c/
4/

e/

67

33.33 800 192 - -— eeee- 1:2 + 1:1 + L-Ta,0g
200 les - - ———— 1:2
. 950 360 Not melted "
1100 64 Hot melted TTB
1000 109 - - ————— 1:2 + TTB + 3L
798 163 Bot melted "
1340 19 Not malted TTB
1340 72 Not melted . "
1515 64 Not melted TTR + 1lL
1538 20 Partially melted 11L + TTB
1616 1.0 Complately melted 11L + TTBR + 9L
34 800 20 1400 10 Not melted TTB
35 800 112 - - eee——— 1:1 + 1:2 + L~Tay0g
1350 66 Not melted TTB (+l:1 7)
40 1000 92 - - ——— ’ TB + 1:1
1318 64 Not melted TTB + 1:1
1368 0.5 Not melted 0 wsee——
1412 16 Partially melted ———
45 1000 92 - —— eee——. 1:1 + TTB
1318 64 Not melted "
1368 0.5 Not melted = =00ae———
1480 18 Completely melted @ @~ — ————-
50 600 4 -— -— ewe——— 1:1
1340 19 Not melted "
1368 0.5 Not melted =0 —==--
1375 0.5 Completely melted @ = ~  ~————-

For ease and accuracy of weighing K,0 was added to Tas0y as KtalOjy not as the oxide end nember.

All specimens were initially calcined in Pt crucibles at the indicated temperature and time.

=~ All subsequent heat treatments were quenched in sealed Dt tubes from the indicated temperatures.

All phases identified are given in order of amount present at room temperature (greatest amount

first).

heated.

The phases are not necessarily those present at the temperature to which the specimen was

L-Ta,0g - The low temperature polymorph of Ta,0g.

H-Tas0g5 - The high temperature polymorph of Ta,0g.

1:5 - KTag013 - An orthorhombic compound of undetermined structure,

GTB - Gatehouse Tungsten Bronze - A nonstoichiometric solid solution having a large
tetragonal unit cell with 7-sided tunnels Ffirst described by B. M. Gatehouse
for a rubidium niobate of unknown composition.

TTBs - A nonstoichiometric solid solution having an orthorhombic distortion of a tetragonal
tungsten bronze-type lattice with superstructure indicating a tripled cell.

HTB - Hexagonal Tungsten Bronze - A nonstoichiometric solid solution with an x-ray pattern
resembling a hexagonal tungsten bronze.o

9-L - A hexagonal phase with a craxis v 9 x 4 a,,

16-L - A hexagonal phase with a c-axis v 16 x 4 A, .

11-1, - A hexagonal (rhombohedral) phase with a c-axis v 11 x 4 A,

3-L - An-apparently metastable hexagonal phase with a c=axis v 3 x 4 a.

1:2 - KpTay0;1).

H~1:3 - A monoclinic phase which apparently results from quenching a liquid near the

composition K,0:3Tay05.
TTB - Tetragonal Tungsten Bronze — A nonstoichiometric solid solution having an undistorted
tetragonal lattice with no superstructure.
1:1 - KTaO3,

Made from the 1000° calcines of the 75:25 and 72.73:27.27 mixtures.
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Compesition

6Li,0: 17740,
Ky.55Li1, 26 (LiTi)Op4

K),g"9p.aTi3, 2%
514 30:95Ta,0g &
5L1,0:95Tag0g
Lij,gTas, g¥o. 20186
Na.20=13m:205

NaNb308

Nayg, ghb3aW1. glas.6

21Na20: 79Ta 2O5

7K20:13Nb205

11.5K 0:88.5Nb205

2

3K20:13Nh205

74
KNb,0g 2
KqNbg0 7+ X80 &

11K40:89TaL0g

Kz0:5Taylg
R 0 4Ta205
21.75&20178.25T3205

34K 50 66Ta 505

Kp, 51Tag. 51W0, 4903

a/

g!
"

"

e!
e

TABLE 7

sSwmmary of LeRC Meapurements 8/ of Dielectric Loss

on Polycrystalline NBS Samples

54
622

796
401

80
4.0

18
G.03

22
0.04

= Measurements made by H. E. Kautz, LeRC.

b/ 4t 2s0c,

&/ values of AE obtained from £ vs temperature measurements.

3 hot pressed specimen.

8/

Frequency.,

104

30
67

418
194

i1

100
c.1

264
o4

43

8ingle crystal specimens, supplied by X, Nassau, BTL.

48

HE b/

10% 108
22 19
9.8 L.9

225 132
94 43
7 70
1.4 0.9
57 58
0.7 0.3
18 18

< 0.002 0.05
19 19
0.3 0.2
21 21
0.1 0.2

100 < 100
0.1 < G.1

102 64
L < 1
38 36
2.6 1.1
18 18
0.01 c.i
2 -
0.1 —-—-

74
Resonance —

No Peaks

No Peaks

AE = 15.1 kcal/mole
pzs = 2.7 x 10% f-em

No Peaks
No Peaks

No Peaks

No Peaks

No Peaks

AE » 10
Ppg®™ 3 % 107 G-am

No Peaks

Slight Peaks
AE = 5.6 to 6.8
&l to5x 0" 2em

Pag
Mo Peaks

No Peaks

Mo Peaks, two orientations.

No Peaks, two orientations.

High Temp. AE = 10,3 kcal/mole

Pog = 2 x 10% p-cm
Low Temp. AE = 8 kcal/mole
Pog = 1x 109 Gecm

No Peaks

No Peaks

AE = 7.9 kecal/mole
pzs = 1 X 104 R=cm

AE ® 20 to 25 kcal/mole
bys = 6 x 1013 p—cm

HNo Peaks.



Compowition
5 Liz0:95 Tazls

I1;0:3 Taz0g
{L1Ta30g)

"Substituted LiTaz0g"
Liy, gTas gWp 201¢

"Tetragonal Bronze"
2] Naz0:79 Ta05

11 ¥z0:89 Tay0s

KaQ:5 TazOs
¥Kp0:4 TasOs

21.75 Kz0:78.25 TayOg

34 Kz0:66 TaxOs

¥ 51Ta, 51W 4903
(Pyrochlare)

af

TABLE 8

ALKALT TANTALATE FPELLET FABRICATICN

Calgine
1000*C = 144 heurs

1000¢C = 23 hours
1050°C ~ 44 hours

1000*C -~ 23 hours
1030°C - 44 heurs

1006°*C - 23 hours
1050°C - 44 hours

800°C - 90 houras

800°C -~ 90 hours
800°C - 90 hours

800°C - 91 houxrs

800°C - 90 hoqurs

800°C = 34 hours

Forming
Hot prenned®’ 1200%C

Het p!ill.dS/ 1300%C
10,000 psi
10,000 psi
10,000 psi

10,000 psi

10,000 pai
10,000 psi

10,000 psi

10,000 psi

16,000 psi

Hot pressing performed by the Haselden Co., San Jpse, California.
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Sintering

Refixe 1500°C
15.5 hours
Refire 700°C

18 hours

1300°C - 22 houxs
alr quenched

1400°C - 23 hours
nir guenched

1400°C - 17 hours
alr quenched

1600°C = 12 howrs
Removed at tem-
perature and placed
on chill bleck for
rapid cooling

1500°C - 20 hours
aly gquenched

1400°C - 20 hours
alr guenched

1600°C - & hours
Pellet sealed in
platinum, welded
closed. Removed
at temperature
and water-—quenched

1400°C =~ 10 hours
Cooled at
120°C /hour

9509C = 27 hours
Removed at tem-
perature and
placed in guartz
tube, evacuated
to p < 107° Torr
and sealed to
prevent hydration

X~Ray
Low Taz0s, orystallinity
improved by zafiring

Low TazOg, crystallinity
improved by refiring

single phase, LiTagO)sF-
type

Singla phase, LiTag0;5F-
type

Single phase bronze

Single phase

Tetragonal brenze
Tetragonal bronze

After removal of
suxface layer by
grinding, single
rhase hexagonal
bronze

$ingle phase

X~ray of pellet im-
pregnated with silicone
resin to prevent
hydration showed single
phase pyrochlore



Composition
LiaQ:ld NboOs

Naz0:13 Nbhz0s

NaNb30g
Najq,g (WbO)y (WO) ) gNb350g0

11.5 K0:88.5 NbaOs -

3 Ko0:l3 NboOg

7 Kp0:13 NbhoOg

TABLE 9

ALKALI NIOBATE PELLET FABRICATICN

Calcine

1000°C = 18 hours
1280°C = 6B hours

8Q0°C - 114 hours

800°C - 62 hours
1000°C - 96 hours

800°C - 89 hours
1000°C -~ 70 hours

BOO°C - 62 hours
1000°C - 96 hours

800°C = 62 hours
1000°C - 96 hours

800°C ~ 47 hours
1000°C - 70 hours

Forming
10,000 pal

10,000 pai

18,000 psi

18,000 psi

18,000 pai

18,000 psi

18,000 psei

50

Sintering
1350°C -~ 12 hours

Cooled at 180°C/Hrx.

1225°C - 8 hours

Cocled at 180°C/Hr.,

1225°C - 1 hour
air quenched

1225°C - 3 hours -
aly gquenched

1300°C - 6.5 houxs
ailr guenched.
Specimens poorly

sintered. Excessive
grain growth under

all conditicns.
Hot pressing in
progreas.

1225°C - 1 hour
air quenched )

1225°C - 1 hour
air quenched

A-Ray

Single phase N=-NbOsg
after surface grinding

Single phase sicept

‘for ovne line of phase

next highest in Naz0
content,

Single phase 1:3

Singie phase, pattern
similar to NaWNb3Dp

Gatehouse tungsaten
bronze

Tetragonal tungsten
bronze with super-
structure.

Tetragonal tungsten
bronze without super-
structure,



Compo gi.tion

Ramsdellice
& L130:17 Ti0;
(Li_g(Li_gTi]_len]

K30:MgO:14 TiD,
[K) 5 (Mq aTiy 2104)

TABLE 10

ALKALI TITANATE PELLET PRBRICATION

Calcine

@ pbw 6Li0:17Ti0)
calcined:
ane*c - 2.5 He.
1080°C ~ 8,5 Hr.
1 pbw raw batch,
€ L1sC03:17 Tiop

800°c - 18 hours
1000°C - 24 hours

Forming

10,000 pei

10,000 psi

0,5 paxcent by
weight stearic
aclid as binder.

TRBLE 11

Sintering

1200°C - 17 hours
alr guenched.

1200°C - 13 hours
air quenched

Summary of Cryatal Growth Experiments

X-Ray

Single phase Ramedellits

single phase,
"Cocm-phage"

System Phasa Melt Composition Method Comments

KoO=NbyOg ?:13 {TTB) 36.5K,0: 63, 5Nb,04 TSSG* Yisld: 4:9 » small amount 7:13 + 2:3
17.5:82.5 (TTHs) 17.5K50:B2. 5NbyOg TS5G Yield: polycrystalline multiphase
17.5:82.5 (TTBs) 20.0K0: 80, ORb, 05 TS56 Yield: polycrystallins TTE
12.5:8L.5 (GTB) 15, 0K,0:85. ONb 305 TSSG ¥ield: NbyDg

K 0-Ta»0g 1:2 {TTB) 4SK20155Ta205 TSSG Yield: single phase

Liz0=Taz0s 1:3 25Liy0:175Ta 04 Czochralski Yield: single crystals

. 5:95 (L~Ta,05) 15L120:B5Taz0¢ TS5G Yield: single crystals

Nay0-Nbz0g 1:3 (TTBs) 25Na320: 7SKb;0g Czochralski Yield: single crystals

Ha,0-Ta,0g 21:79 (TTBs) 25Na;0: 757250 Czochralski Excessive vaporization of Nas0

* Top seeded solution growth. L
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TANLE 13
Crystallographic Data fox Phases ip ehe NogOp=Aluali Kiobate and TwzOp=Alkall Tantalate Bystama

Jystan Denignation Compawition Syrmatry Unit Cell Dimensionn Conditions Procbable
Mol & [ b e o B Y Limiting Space Groups
H i i Poasible
Reflactions
NbO5-LiNbOy Nbz05 LiaG
N-Hb305 93.33 5.67 .Monoclinic 25.518 3.827 17.554 -—— 124°59.1' =--  hkhkih+k=2n c2,Cm,C2/m
i:3 75 25 Monoclinic 7.457 5.035 15.264 -— 197°18.7* - hQi: t=in P21/c
. 0kQ:k=2n
TazC5-LiTaly Tap05 LipC . 1
L-Tay0gss 95 5 Qrthorhombic 6.198 40.29 3.888 —_— — — None pm By
L-1:3 75 25 Monoclinic T.41 5.10 15.12 -—— 107°12" - h{£: L=2n P2y/c
OkQ:k=2n
M-1:3 5 25 Monoclinic 9,420 11.536 5.055 —— 91°32" —— hkf:h+k=2n | Cc,C2/c
hGRit=2n
B-1:3 75 25 Orthorhowblic 16. 715 8,941 3.840 - -— - Ok&:R=2n Prma,P2|ma,
Pnza
Nb205-NalbO) Nb2Os5  Naz0
- 1:13 : 9z.86 7.14 Monoclinic 22.40 3.834 15.37 91°28.2" —-—= hkf:h+k=2n Cc2,0n,C2/m
L:g** 80 20 Orthorhombic ~ld, T ~10.2 »3,9 -— -— === hki:htk=2n C222,0m2n,
Cawn2 . Crevan
TTBs ¥5 25 Ortherhombic 12.264 36.992 3.955 - -— - Fbam,Pba2)
1:2 66.67 331.33 Monoclinic 10.840 6.162 12,745 - 106713.2" —_— hki:h+k=2n Ce,C2/¢
: hOL;:k=2n
Ta;05~NaTaO3 Ta;0q NazO . :
TTBs 80 20 Orthorhombic 12.397 37.34 3,903 - —-— —-— noL:h=2n Fmam,P2jam,
- Pma2
TTRS 75 25 Orthorhombic 12,398 37.28 3.999 -— —-—— - hOL:h=2n "o
1:2 B66.6T 33,33 Hexagonal 6.120 -— 36.629 -— -— -— hk?:-h+k+2=3n R3c,RJe
o hOR:%=2n
NBuO5~KNBO 3 Nb, 05 K0
GTB - 88.5 11.5 Tetragonal 27,518 - 3.9687 - —-— ---  h00:h=2n P4212,P42 0
TTHS ! £3.3} la.867 Ortherhombic 12.519 17.558 3.952 - - -—= hOR:h=2n Fmam, B2y am,
: Pma2
TTBS 80 20 Orthorhombic 12.545 37.63¢ 3,957 -—- . - N
HTAR Unknown#® Hexagonal 7.511 -— 3.883 —— Hohe P&,/ moem
1:3 75 25 Orthorhombic 8,925 21.232 3.808 - —_— — hke:k+i=2n Amam, A2 am,
. hdtn=2n Amaz
4:3 63.21 30.77 Triclinic 13.353 13.915 15.022 B2*11.8' &9°42' 489°4.31' Hone Pl,Pi
TTB v 85 a5 Tetragonal 12.589 - 3,981 - —-_— === h0&:h=2n Emam, P2 am,
Fma2
2:3 60 40 Orthorhombic 7.822 33.019 6.481 —— — —_— hQ%:hti=2n Pmnb, P2 nb
hkD:
2:3 hyd. 60 40 Orthorhonbic 7.824 148,073 6,485 —-— - —_—— h0a: P21212y
OKkD:k=2n
00%:%=2n
Ta,0g~KTa0y Ta, 0 X0 :
GTR Ba.5 11.5 Tetragonal 27,55 —-— 3.899 — — -—— hO0;:h=2n P4212,
X X P4Zm
1:5 93.33 L6.67 Orthorhombic 5.654 10.713 15.80 -—— -— -— Fbhem, Phe)
=2n
TTBs a0 20 Crehorhombic 12.547 37.641 3.2z —— -— - hOR:h=2n Pmam, P2yam,
' - Pmal
HIB . 78.25 21.75 Hexagonal 7.527 ——- 3.901 —-— ——— —==  None P&/ rmom
4L 73.85 26.15 Hexagonal 7.55 -— 36.581 - -— —_— hhb:k=2n Pb3me, PE2¢,
. Pezmmc
16L 73.5 26.5 Hexagoenal 7.542 —— 65,57 - —-—— -—— hhi:%=2n " "
1L 71.43  28.57 Hexagonal 7. 54 -— 43.512 —— —— -~=  bkR:-n+k+R=3n R3,R3,R32,
R3m, R3m
1:2 ) 66.67 33,313 Hexagonal €6.283 ——— 36.878 - bk2:-htk+i=3n " "
TTB ah 34 Tetragonal 12.569 ~— . 3,987 —_— _— —_— hOLih=2n Pmam,P2,am,
maz
3L+ 75 25 Hexagonal 9.051 — 12,284 -— -— C - nGl:E=2n ‘Pégem, PEc2,
P& ymem
Hrl:3% 75 25 Monoclinic 14.615 3.774 6,557 -——— aB° 30" - None . B2,Pm,P2/m

Two dimensional plane groups.
®* Metastabie phase cbtained from quenched liguid.

** Probably due to reaction with atmospheric moisture-NalbgO), (OH) .
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